Aim. The aim of this study was to identify retrospectively, lumbar sympathectomy (SE) using thermography (TG) and to evaluate clinically, the severity of post-sympathectomy (post-SE) dysfunction after anterior and lateral lumbar interbody fusion procedures (ALIF, XLIF). Methods. Twenty eight patients with suspected SE were referred for TG to both legs. They completed our questionnaire on severity of difficulties after SE. We evaluated the ability of physical examinations to reveal the SE in contrast to TG and compared the symptoms (warmer leg and inhibited leg sweating) of SE with questionnaire responses as subjective measure and TG as objective measure. Results. SE was diagnosed in 0.5% after ALIF at L5/S1, in 15% after ALIF at Th12-L5 and in 4% after XLIF at T12-L5. SE severely reduced the quality of life in two cases. The ability to distinguish differences in leg temperature by palpation after SE was found in 32%. All physical examinations together were insufficient for reliably disclosing SE. Subjective symptoms of SE were often false positive and proven SE by TG was often a clinically false negative. Conclusion. This is the first study to examine post-SE dysfunction objectivelya using TG after ALIF and XLIF, and the first to evaluate clinically, the severity of the post-SE syndrome. Before surgery we cannot foresee potentially poor SE results. For this reason, injury to the sympathetic chain during surgery must be avoided. The advantage of TG for identifying SE is its non-invasiveness and reliability.
INTRODUCTION
Lumbar interbody fusion is a common surgical technique for the treatment of intervertebral disc diseases of degenerative or traumatic etiology 1, 2 . During anterior or anterolateral minimally invasive approaches (ALIF -Anterior Lumbar Interbody Fusion) and lateral transpsoatic minimally invasive access (XLIF -Extreme Lateral Interbody Fusion) to the lumbar spine, it is sometimes necessary to sacrifice the lumbar sympathetic chain to obtain wider access to the discs [3] [4] [5] . The result of lumbar sympathectomy (SE) is post-sympathectomy (post-SE) dysfunction and it is usually characterized by increase in skin temperature, reduced perspiration and, sometimes, by dysestesias, discoloration and swelling of the lower limb on the side of surgery [6] [7] [8] . Patients commonly complain of a cold lower extremity on the side contralateral to the approach as the affected side is warmer due to loss of sympathetic vasoconstriction. However, some patients suffer from more severe difficulties, especially post-sympathectomy (post-SE) neuralgia 9 . The reported incidence of sympathetic dysfunction after ALIF is from 1% to 43% and after XLIF 4% (ref. 7, [10] [11] [12] [13] [14] ).
The aim of this study was to identify retrospectively, lumbar SE using thermography (TG) and to evaluate clinically the severity of post-SE dysfunction.
MATERIAL AND METHODS
We reviewed all patients after minimally invasive techniques (MISS -Minimally Invasive Spine Surgery) of the anterior and lateral intervertebral disc surgery at levels T12-S1, treated at the Department of Neurosurgery from January 1996 to June 2012. Excluded were patients with CRPS (complex regional pain syndrome). The ALIF group after anterior approach at level L5/S1 consisted of 210 patients (129 women and 81 men), mean age 45 years. The ALIF group after anterolateral approach at levels T12-L5 consisted of 120 patients (53 women and 67 men), mean age 44 years and the XLIF group after lateral access at the same levels consisted of 101 patients (57 women and 44 men), mean age 51 years.
Surgical steps
All types of surgery were performed retroperitoneally under balanced general anesthesia and adequate neuromuscular block for good surgical access; intravenous prophylactic antibiotics and low molecular weight heparin (LMWH) were obligatory.
ALIF L5/S1
A 6-8 cm skin incision (placed transverse in female or longitudinal in male) was made in the midline of the abdomen centered over L5/S1 which is usually the transition zone between the lower and middle third of the umbilical-symphyseal distance. The sheath of the right anterior rectus muscle was divided longitudinally along the direction of its fibers, the lateral part of the muscle was retracted laterally and the transversalis fascia divided as required. The peritoneum and its contents were then retracted medially by blunt dissection in the retroperitoneal space to expose the right iliopsoas muscle. The bifurcation of the right common iliac vessels and right ureter were identified. The ureter was swept medially with the peritoneum. The prevertebral retroperitoneal adipose tissue was exposed along the medial border of the right common iliac artery and carefully retracted to the left side including the superior hypogastric plexus, avoiding damage to the plexus. The left common iliac vein was identified and gently retracted to the left side. The retractor blades (Synframe, Synthes, USA) were then inserted underneath and between the common iliac vessels in order to expose the anterior intervertebral circumference, sympathetic chains from both sides were located laterally. Discectomy between and avoidance of sympathetic chains was achieved and titanium or PEEK (poly-ether-ether-keton) spacers were implanted. The retractor was removed, the fascia of rectus muscle, subcutaneous tissue and skin were sutured.
ALIF T12-L5
The patients were placed in a right lateral decubitus position. Anterolaterally and obliquely from the left side a 5-7 cm skin incision was made. The retroperitoneal space was reached by a blunt, muscle splitting approach. The anterolateral attachments of the psoas muscle were incised, sharply dissected and retracted laterally. The branches of the sympathetic chain were identified. The disc space level was then confirmed under fluoroscopic control. The retractor blades (Synframe, Synthes, USA) were then inserted anteriorly to retract retroperitoneum and great vessels (especially left iliac common vein) and posteriorly to retract psoas muscle in order to expose the anterolateral intervertebral circumference. Starting from the midline of the anterior longitudinal ligament, the annulus fibrosus was incised in its anterolateral circumference. The sympathetic chain was separated and retracted anteriorly or posteriorly. The disc was emptied and titanium or PEEK cages were inserted to the intervertebral space. The retractor was removed and the muscle layers, subcutaneous tissue and skin were sutured.
XLIF T12-L5
The patients were placed in a right lateral decubitus position. The skin was incised to a length 5-7 cm laterally and obliquely from the left side. The abdominal musculature was divided with blunt dissection by carefully splitting each muscle layer. After accessing the retroperitoneal space, the peritoneum was gently swept anteriorly and the dissection was carried bluntly down to the psoas muscle. The muscle fibers of the psoas were separated gently at the level of the disc under visual control to avoid injury of the genitofemoral nerve, nerve roots and sympathetic chain. The psoas muscle was divided into the anterior and posterior part. The surgeon inserted a K-wire between the anterior and middle third of the intervertebral disc space, then dilators and special retractor (Oracle, Synthes, USA). A tubular retractor was fixed to the table. Then the surgeon traced the course of the lumbar nerve roots with a stimulation electrode using triggered electromyography (tEMG) for intraoperative neuromonitoring (IOM). The sympathetic chain remained anterior to the retractor, out of the operating field and was not separated. Discectomy, endplate preparation, then interbody distraction and PEEK implant placement (Oracle, Synthes, USA) were performed. The incision was closed using the standard technique.
Follow-up
All surgical intra-operative and post-operative complications directly related to the spinal surgery were prospectively recorded. The neurosurgeon examined the patients and radiographs were obtained at follow-up examinations at 1 and 6 weeks, 6, 12 and 24 months.
We asked all the patients about symptoms of lumbar SE, as warmer leg and inhibited leg sweating Physical examination of lower extremities was done to reveal signs of SE. Visual examination included evaluation of the skin color, trophic changes and swelling of the leg. Palpation (skin touching) of both legs was performed for evaluation of our ability to distinguish a difference in temperature of the legs without instruments.
The minimum follow-up required for inclusion to the study was 6 months after surgery. Other complications were not included in this study.
We referred for bilateral TG, as a sensitive test of SE, all patients with a description of partial or difficulties, despite the fact that SE was not described in the records. These comprised the study group. Patients with other complications such as an inflammatory focus of the legs, which can increase temperature in the thermogram, were excluded.
The standard examination with the thermal camera (FLIR thermal imaging camera type B-360 manufactured by an international company FLIR systems inc.) took place at a distance of one meter with an ambient temperature in the range of 23-25 °C. The camera was in a rectangle position to the examined part of human body. A thermal imaging camera can distinguish the temperature of an object with an accuracy of one tenth of a degree Celsius. The examination of each patient was preceded by acclimatization for 30 min, which took place in the consultation room. During this time, the patient was naked from the waist down, except for underwear. The first image taken was a synoptic image, capturing both lower limbs as a whole. Then, four other regional images focused on thighs, calves, feet and soles were taken. The images, called thermograms, were digitally processed, then evaluated using the thermographic software provided by the manufacturer (Fig. 1) . This software provides evaluation of measured temperature via spots or through an areas of various shapes -so called region of interest (ROI). Higher value of notice and especially repeatability have measurements using ROIs, because in selected ROI the software can assess minimal, maximal and mean value of the temperature in this area. So for our measurment we used ROIs localised in regions mentioned above. In our whole examination we tried to observe the Glamorgan Protocol, where is exactly mentioned in what circumstances to measure certain parts of human body 15 . Thermograms of thighs and calves were measured with patient lying on straight pad on his back with his joints in maximal extension and feet in parallel position. We've chosen lying position instead of standing position, because many of our patients suffered from big backache or joint pain, which limitated them from still standing, even parallel position of legs was sometimes hard to fulfil. The feet and soles were also measured in lying patient. The feet were measured in parallel position with big toes pointing forward. The soles were measured in maximal flection in ankle joints and again in parallel position. All thermograms were captured with its examinated areas localised in the middle of the obtained picture with the same distances from the side edges of the picture 16, 17 . For TG we indicated altogether 28 patients (16 female and 12 male, mean age 53 years with range 36-74 years) -as a study group. Two patients were after ALIF L5/S1 (2/210 in group ALIF L5/S1), 18 patients after ALIF at level L4/5, two patients after ALIF at level L3/4 and two patients at level L2/3 (22/120 in group ALIF T12-L5). Three patients were after XLIF at level L4/5 and one at level L5/6 (4/88 in group XLIF T12-L5).
To the TG were also referred five patients (one female and four male) with mean age of 59 years (range 52-67 years) after lumbar disc herniation surgery from posterior approach, as a control group. In this control group without SE, the temperature difference between the legs (all parts) according to TG was 0-0.9 °C. For this reason, we decided to evaluate as a positive finding of SE in the study group a higher temperature in one or more parts of the leg on the side of surgery compared to the contralateral leg by 1.0 °C or more.
The patients of the study group were informed about the possibility of post-SE dysfunction (defined as warmer leg and/or inhibition of sweating of the leg) and they filled in our short questionnaire: severity of difficulties after sympathectomy, Grade 0-2. Patients had to choose one of three grades of difficulty (Table 1) .
We evaluated the ability of the physical examinations to reveal SE in contrast to TG, as a yes or no.
The findings of TG (as an objective method) we compared with symptoms of SE and the results of the questionnaire for evaluation of severity of difficulty after sympathectomy (as subjective methods). We evaluated the consensus between objective versus subjective methods, as a yes or no.
In Table 2 are shown: the list of patients (divided into the study and control group), age, gender, level and type of surgery, symptoms of SE (warmer leg, inhibition of sweating of leg) and signs of SE (skin color, trophic changes, swelling of leg). Table 3 shows the patient details (divided into study group and controls), evaluation of severity of difficulties after SE (Grade 0-2), time of TG after surgery, temperature in four parts of the legs (thigh, calf, foot, sole) according to TG, positivity of SE, ability to distinguish a difference in temperature of legs using palpation, consensus between TG and all physical examinations, consensus between objective method and subjective methods of post-SE dysfunction.
RESULTS
In the study group, according to the scale "Severity of difficulties after SE" Grade 0 was reported by 18 patients, Grade 1 by eight patients, and Grade 2 by two patients. Eight patients reported onset of post-SE dysfunction over one week after surgery (six with Grade 1, and two with Grade 2) and two patients over two months after surgery (both Grade 1).
TG was done on an average of 53 months (6 -136 months) after surgery in the study group. According to patients suffering from post-SE dysfunction, their symptoms from the beginning to the time of TG remained unchanged.
Positive TG (a difference of 1.0 °C and more) as a proof of SE was found in 23 patients: 1/210 (0.5%) in ALIF L5/S1, 18/120 (15%) in ALIF T12-L5, 4/101 (4%) in XLIF T12-L5.
In the study group, the ability to distinguish a difference in temperature of the legs using the sense of palpation after SE was found in 9 cases (32%), while the difference between the legs was in interval of 1.0 -8.1 °C. In contrast, palpation was unable to distinguish the temperature of the legs after SE in 19 patients. The difference between the legs was in the interval of 0 -4.3 °C.
The consensus between TG and all physical examinations together (visual evaluation and palpation) was found in 12 cases of the study group. In 16 cases it was not possible to reveal post-SE dysfunction using the senses, without instruments.
The consensus between objective (TG) and subjective methods (symptoms of SE and results of questionnaire for evaluation of Severity of post-SE dysfunction) was found in 17 cases in the study group. In 11 cases there was no consensus (TG had positive results, but patients had no subjective difficulties in 8 cases, or on the contrary, patients had subjective difficulties without positive TG findings in 3 cases).
DISCUSSION
This is the first study, to our knowledge, that has examined post-SE dysfunction objectively, using thermography after anterior or lateral interbody fusion procedures, and the first study to evaluate clinically the severity of the post-SE syndrome. A similar study with evaluation of clinical outcome (Scoliosis Research Society SRS-22 patient questionnaire) of SE after scoliosis surgery with discectomies but without interbody fusion was reported by Schulte et al. They proposed that SE was detectable as an increase in temperature, reduced perspiration and reduced SSRs (sympathetic skin response) (ref. 8 ). On the basis of the available literature, it can be accepted that temperature differences from the mean temperature of homologous control regions, i.e. between two opposing lower limbs, can be regarded as pathological if greater than 1 °C (ref. 8, 18 ). Lumbar SE is indicated, as the method of choice, in cases of hyperhidrosis, CRPS and peripheral artery disease of the legs. According to the literature, neuropathic complications occur 3 times more often if the treatment was for neuropathic pain and not hyperhidrosis 19 . CRPS is a chronic systemic disease characterized by severe pain, swelling, and changes in the skin. Type II, formerly known as causalgia, is evidence of obvious nerve damage 20 . Mizuno et al. concluded, that the sympathetic nervous system plays an important role in the generation of radicular pain and even low back pain. This may be a plausible explanation for the clinical effectiveness of sympathetic nerve block in cases of causalgia (CRPS) (ref. 21 ). Rieger and Pedevilla performed bilateral lumbar SE at level L3/4 and pedal sweat secretion was completely suspended postoperatively. After a 3-to 8-months followup period, the anhidrosis persisted in all cases. None of the patients experienced sexual dysfunction 22 . In all these indications, often described was post-SE neuralgia. Post-SE neuralgia is defined according to Kramis et al. as a complex neuropathic and central deafferentation/reafferentation syndrome dependent on: (a) the transection, during sympathectomy, of paraspinal somatic and visceral afferent axons within the sympathetic trunk; (b) the subsequent cell death of many of the axotomized afferent neurons, resulting in central deafferentation; and (c) the persistent sensitization of spinal nociceptive neurons by painful conditions present prior to sympathectomy. Viscerosomatic convergence, collateral sprouting of afferents, and mechanisms associated with sympathetically maintained pain are all proposed to be important to the development of the syndrome 9 . Lumbar post-SE neuralgia is described as a severe, deep aching or burning pain, usually worse at night, referred to the lumbosacral area and proximal part of the limb only, to the groin and anterior thigh. This neuralgiform pain after lumbar SE is a known phenomenon reported in the literature with a frequency of 2% to 100% (ref. 23, 24 ). Rieger and Pedevilla reported that 50% of patients experienced neuralgiform pain 3 to 10 days after bilateral operation for plantar hyperhidrosis. The affected patients were only men and the pain was localized in the back- side, groin, thighs, or calves with no neurologic deficits 22 . Later, Rieger described a group of 18 patients (14%) who experienced transient neuralgiform pain that usually persisted only a few weeks and in individual cases for several months 25 . Mockus et al. performed SE for CRPS and post-SE neuralgia occurred in close to 40%, lasted a little over a month on the average, but did not persist beyond ten weeks 26 . Lacroix et al. described two cases (5%) of post-SE neuralgia in a group of patients with reflex sympathetic dystrophy and arterial insufficiency 27 . CRPS and post-SE neuralgia; this appears to be two similar disease states that have different physiological bases. One is termed "sympathetically maintained pain". In these patients blockade of autonomic function relieves the CRPS. A clinically similar syndrome in which the autonomic nervous system is not involved is called "sympathetically independent pain". The induction of adrenergic excitability in CPMs (C-fiber polymodal) nociceptors by SE is suggested to be a counterpart to post-SE neuralgia in human beings and a possible part of the mechanism leading to sympathetically related pain states 28 . The danger of injury to the superior hypogastric plexus of the sympathetic system which in men results in retrograde ejaculation, is usually from 0% to 10% when operating using the anterior retroperitoneal approach 2, [12] [13] [14] . There is no anatomical reason for impotence to result from a standard ALIF procedure because the parasympathetic plexus responsible for erection is located deep in the pelvis 7, 11, 14, 29 .
In an anatomical study Datta and Pai found that the lumbar sympathetic chain was located along the anterolateral aspect of the vertebral body. The psoas muscle was always posterior and considerably lateral to the sympathetic chain and ganglia were most well-formed, adjacent to the intervertebral discs 30 . The cadaveric study of Murata et al. found large variability, the number of ganglia ranged from 2 to 6, the mean being 3.9. The mean lengths of rami connected to the 1 st and 5 th lumbar spinal nerves, respectively, were significantly longer and shorter than those connected to the 2 nd , 3 rd , and 4 th nerves and were not distributed segmentally 31 . In another study of Feigl et al., the sympathetic chain entered the retroperitoneal space at the level of the vertebral body of L2 in 70 of the 112 sides and showed the most consistent relationship to the medial margin of the psoas muscle at intervertebral disc level L2/3 (ref. 32 ). We found no post-SE neuralgia in our patients. However, even post-SE dysfunction described in our study leads to discomfort in some patients. The aim of minimally invasive surgeries is to avoid injury to all anatomical structures, including sympathetic chain because surgical SE is accompanied by several potentially disabling complications and we never advocate it. Some patients have no problems and others do not accept post-SE symptoms and to date, nobody has emphasized it. From this point of view, ALIF surgery at level L5/S1 is safe. In contrast, the anterolateral approach for ALIF at levels L4/5 and above the sympathetic chain lies in the middle of our access to the disc and it is necessary to separate and sometimes sacrifice it. At levels L4/5 and L3/4 we refer significantly less frequency of post-SE dysfunction after XLIF procedure because the sympathetic chain is located anteriorly to our access to the discs, but especially according to anatomical studies the lateral approach can cross the pathway of the sympathetic chain at levels L2/3 and L1/2 (ref. 31 ). Our study showed physical examination as visual evaluation and palpation of skin and neurological investigation were insufficiently reliable to disclose SE. Palpation of the skin did not reveal the difference in temperature of the legs even in difference up to 4.3 °C. Subjective symptoms of SE after spine surgery in our study were often false positive (patients had subjective difficulties without positive TG findings) and on the contrary, proved sympathectomy was often clinically false negative (TG had positive results, but patients had no subjective difficulties). The literature describes a number of possible uses for infrared TG testing but so far, only one publication has focused on objectively measuring SE effects that result from spinal surgery 8 . However, studies have described where therapeutic SE was performed, usually due to the symptoms of Raynaud's phenomenon, mostly upper chest. These studies included the thermogram results of infrared TG examination before and after SE. The thermograms showed a significant temperature increment in the hands following therapeutic surgery, corresponding to interruption of vasoconstrictive sympathetic activity to the vessels in the hands 33, 34 . Similarly Gabrhelík et al. describe in their study of 24 patients, a temperature rise of at least 2 °C in the palms of 95% of the patients following the therapeutic upper thoracic SE (ref. 35 ). TG serves as useful and sensitive test for the diagnosis of sympathetically maintained pain and can detect sympathetic dysfunction even in the absence of clinical findings 36 . Some authors performed TG in patients with hyperhidrosis to control an effectiveness of SE (ref. 22, 34, 37 ). Rieger et al. studied the skin on the feet and showed a clear average temperature increase of 2.8 °C (range 2.3 -4.2 °C) after SE on the one side, compared with the unoperated side 22 . According to Vardasca et al., who examined 39 healthy subjects for temperature difference in symmetrical parts of the body, the highest measured difference in the synoptic images was 0.4 °C ± 0.3 °C on the regional images 38 . In our control group of patients after posterior disc herniation surgery, the difference in temperature was up to 0.9 °C. Thus, positive results of TG as a proof of SE, was chosen minimally 1.0 °C.
For the purpose of the actual examination of patients in our study, a FLIR thermal imaging camera was used, which can calculate the temperature of objects with a temperature range of -20 °C to +120 °C, with adjustable emissivity values, relative humidity and ambient temperature and reflective temperature values. The use of infrared TG in medicine is experiencing a renaissance, especially due to the availability of more sensitive TG cameras. The indisputable advantage of this method is its non-invasiveness and safety, which means the examination is very comfortable for the patient. Due to the range of factors that can affect the results, emphasis is placed on standardization of the examination. The Glamorgan Protocol, strictly applied for image recording and evaluation, increases the reproducibility of findings from thermal images. Any other body position for image recording is possible but the degree of reproducibility is decreased [15] [16] [17] . In our study, however, the requirement for standard conditions was not as strict as we did not consider the temperature of the whole body, which of course may change due to changes in ambient conditions. Instead, we compared two identical points on symmetrical parts of the human body. The only problem in the diagnosis of SE effect could thus be a false positive result when an increased temperature in the thermogram is caused by another factor such as an inflammatory focus. However, with carefully recorded history and clinical examination, we minimized this factor.
CONCLUSION
Sympathectomy was diagnosed in 0.5% after ALIF at L5/S1, in 15% after ALIF at Th12-L5 and in 4% after XLIF at T12-L5.
Sympathectomy seriously reduced the quality of life only in two cases but before surgery we can never foresee this. This is why we avoid injury to the sympathetic chain.
Physical examination as visual evaluation and palpation of skin and neurological investigation were insufficiently reliable for disclosing sympathectomy.
Subjective symptoms of sympathectomy were often false positive and proven sympathectomy by TG was often a clinically false negative.
The advantage of thermography for the confirmation of sympathectomy is its non-invasiveness, safety and patient comfort.
